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A worldwide collection of Fusarium oxysporum f. sp. cubense was analyzed using anonymous, single-copy, restriction fragment length polymorphism (RFLP) loci. Several lines of evidence indicated that this pathogen has a clonal population structure. Of the 165 isolates examined, only 72 RFLP haplotypes were identified, and nearly half the isolates were represented by the five most common haplotypes. Individuals with identical haplotypes were geographically dispersed, and clone-corrected tests of gametic disequilibrium indicated significant nonrandom association among pairs of alleles for 34 of 36 loci tested. Parsimony analysis divided haplotypes into two major branches (bootstrap value = 99%) that together contained eight clades supported by significant bootstrap values. With the exception of two isolates, all isolates within a vegetative compatibility group were in the same clade and clonal lineage. Clonal lineages were defined by isolates having coefficients of similarity between 0.94 and 1.00. Ten clonal lineages were identified, and the two largest lineages had pantropical distribution. Minor lineages were found only in limited geographical regions. Isolates composing one lineage (FOC VII) may represent either an ancient genetic exchange between individuals in the two largest lineages or an ancestral group. The two largest lineages (FOC I and FOC II) and a lineage from East Africa (FOC V) are genetically distinct; each may have acquired the ability to be pathogenic on banana independently.
Fusarium wilt of banana, commonly referred to as Panama disease, is caused by Fusarium oxysporum Schlechtend.: Fr. f. sp. cubense (E.F. Sm.) W.C. Snyder & H.N. Hans. Isolates of F. oxysporum f. sp. cubense previously have been characterized by morphology or biochemical and genetic markers. On morphological bases, F. oxysporum was included in section Elegans by Wollenweber and Reinking (37) . No teleomorph has been described for the species.
Vegetative compatibility groups (VCGs) have been used to group isolates of F. oxysporum including F. oxysporum f. sp. cubense. Based on data from other fungi, isolates that share identical alleles at the loci governing heterokaryon incompatibility, commonly referred to as het or vic, are vegetatively compatible (14) . Conventionally, this is determined by the ability of nitrate-nonutilizing auxotrophic mutants (nit) to complement one another for nitrate utilization (6) . Currently, at least 21 VCGs have been described for this forma specialis (22, 23, 26) . The majority of isolates belong to two major VCGs that have a pantropical distribution, and each contains more than one race of the pathogen. Minor VCGs were found to have a more limited geographical distribution (22, 23) . For an asexually reproducing organism like F. oxysporum, it is generally assumed that isolates within a VCG are genetically similar and represent clonal populations (1, 10, 33) .
In addition to characterizing isolates by VCG, isolates of F. oxysporum f. sp. cubense have been grouped based on electrophoretic karyotype, randomly amplified polymorphic DNA (RAPD) analysis, and the ability to produce volatile organic compounds in culture. Boehm et al. (3) proposed two groupings of isolates of F. oxysporum f. sp. cubense based on similarities in chromosome number and genome size. Group I was composed of isolates in VCGs 0124, 0125, 0124/0125, 01210, and 01214. Group II was composed of isolates in VCGs 0120, 0121, 0122, 0123, 0129, and 01213. In general, these groupings agreed with RAPD data (2, 30) . When the presence or absence of RAPD bands was treated as binary data and subjected to phenetic analysis based on the unweighted pair group method with arithmetic mean (UPGMA), isolates in VCGs 0120, 0121, 0122, 0126, 01210, 01211, and 01212 formed one group, and isolates in VCGs 0123, 0124, 0124/0125, and 0125 formed a second group.
Similar major groups of isolates were evident when differentiation was based on the formation of aldehydes in culture. Brandes (5) noted that certain isolates of the pathogen produced these odorous compounds when grown on steamed rice, whereas others did not; the latter isolates were classified as variety inodoratum. Stover (31) examined a larger set of isolates from tropical America and the Caribbean and noted that production of odorous compounds was a consistent and repeatable trait. Those isolates that produced the aldehydes were referred to as cultivar Odoratum, whereas those that did not were referred to as cultivar Inodoratum. More recently, Moore et al. (19, 20) analyzed the production of these compounds with high pressure liquid chromatography. Isolates in VCGs 0120, 0129, and 01211 produced characteristic volatile profiles, whereas isolates in VCGs 0123, 0124, 0124/0125, 0125, and 0128 did not.
Restriction fragment length polymorphisms (RFLPs) also have been employed to determine the genetic relationships among isolates of F. oxysporum. These markers are ideally suited to genetic diversity studies because of the following characteristics: (i) most are selectively neutral, (ii) polymorphisms tend to be more numerous compared with other types of markers such as isozymes, (iii) they are reproducible, and (iv) those identifying random single-copy loci avoid problems that are associated with the physical linkage of genetic markers.
In this study, probes from F. oxysporum f. sp. lycopersici that correspond to single-copy, anonymous loci (8) were used to identify polymorphic alleles in F. oxysporum f. sp. cubense. Our objectives were to determine whether isolates within VCGs of F. ox-ysporum f. sp. cubense were clonally derived and if clonal lineages correlated with previously determined VCGs. We also wished to characterize the phylogenetic relationships among isolates of F. oxysporum f. sp. cubense representing the various VCGs and isolates of F. oxysporum from other hosts to determine if host specificity was derived from a common ancestor.
MATERIALS AND METHODS

Fungal isolates.
One hundred sixty-five isolates representing the worldwide distribution and 17 VCGs of F. oxysporum f. sp. cubense were selected for analysis from the collection located at the University of Florida, Tropical Research and Education Center in Homestead, FL (Table 1 ). All isolates were recovered from symptomatic vascular tissues of the indicated banana cultivars (Table  1) . Furthermore, one to several representative isolates within each of the examined VCGs were pathogenic on at least one, and as many as eight, different banana cultivars (R. C. Ploetz, unpublished data) . For these reasons, all isolates used in this study were considered F. oxysporum f. sp. cubense. In addition to F. oxysporum f. sp. cubense isolates, three isolates of F. oxysporum f. sp. lycopersici and a single isolate of F. oxysporum f. sp. niveum were analyzed to compare results with genotypes representing different formae speciales.
DNA isolation. All cultures were derived from single microconidia and were stored at 4°C on strips of Whatman filter paper (Whatman International, Ltd., Maidstone, England) (6). Paper strips were plated onto potato dextrose agar (PDA) (Difco Laboratories, Detroit). After approximately 7 days of growth at 27°C, a 5-mm 3 block was excised from the margin of colonies on PDA and transferred to 4-liter Erlenmeyer flasks containing at least 100 ml of potato dextrose broth (24 g/liter; Difco Laboratories). After 7 to 10 days of growth in still culture, the contents of the flask were filtered through sterilized cheesecloth to collect mycelium. The mycelium was placed into 13-ml plastic tubes, frozen at -80°C, and lyophilized for at least 12 h.
Buffer for DNA extraction was composed of a 1:1:0.4 volume of the following solutions: buffer A (0.3 M sorbitol, 0.1 M Tris, and 20 mM EDTA, pH 7.5), buffer B (0.2 M Tris, pH 7.5; 50 mM EDTA; and 0.2 mM cetyltrimethylammonium bromide), and 5% Sarkosyl. Ten milliliters of the extraction buffer was mixed with approximately 0.5 g of ground mycelial powder, and the tubes were placed in a 65°C water bath for 30 min. The contents of the tubes were then shaken, and 1 ml of solution was transferred to each of 10 sterile 1.5-ml microcentrifuge tubes. Five hundred microliters of chloroform/octanol (24:1) solution was added to each tube. The solution was mixed using a vortex shaker for approximately 2 min before centrifugation for 10 min at 12,000 × g in a microcentrifuge u Vegetative compatibility groups (VCGs) were assigned using nitrogen metabolism mutants (nit) according to the protocols of Cove (1976) as modified by Puhalla and Correll (1985) . Missing data made it impossible to determine coefficient of similarity but, based on all other data, it is presumed to be in the lineage indicated. y Unique isolate that had no lineage affinity based on defined criteria; the lineage assigned is based on coefficients of similarity to the most closely related isolates. z Isolates analyzed with this designation do not correspond to any isolates currently held in the Homestead collection.
at room temperature. Unless noted, all further centrifuge steps were done in a microcentrifuge at room temperature. The supernatant was transferred to sterile 1.5-ml tubes and treated with 5 µl of 20 mg of RNase A (Sigma Chemical Co., St. Louis)/ml of solution for 30 min at 37°C. Following RNase treatment, 5 µl of 20 mg of proteinase K (Sigma Chemical Co.)/ml of solution was added to the tubes, and the tubes were incubated for 20 min at 37°C. Approximately one volume of isopropanol was added, and the tubes were centrifuged for 15 min at 12,000 × g. The isopropanol then was discarded, and 100 µl of ice-cold 70% ethanol was added before centrifugation for 5 min. The ethanol was discarded, and the DNA sample was air-dried for at least 30 min in a laminar flow hood. At least 100 µl of TE buffer (10 mM Tris and 1 mM EDTA, pH 7.4) was added to the tubes, and the tubes were placed in a water bath at 65°C until the DNA pellet was dissolved.
Samples that were difficult to bring into solution were subjected to a LiCl treatment. Three hundred microliters of ice-cold 4 M LiCl solution was added to each tube, and the tubes were placed on ice for 30 min before centrifugation at 12,000 × g for 10 min at 4°C. The supernatant was transferred to a sterile 1.5-ml tube containing 600 µl of isopropanol. This solution was mixed, and the tubes were kept at room temperature for 30 min. After centrifugation at 12,000 × g for 10 min at 4°C, the supernatant was discarded, and 100 µl of ice-cold 70% ethanol was added to the tubes. After centrifugation at 12,000 × g for 5 min, the ethanol was discarded, and the DNA was air-dried. TE buffer (100 µl) was added to the tubes, and the tubes were placed in a water bath at 65°C until the DNA pellet was dissolved.
The concentration of DNA in the samples was estimated by running 3 µl of each sample on an agarose gel along with DNA fragments (bacteriophage lambda DNA digested with PstI) of a known concentration and making visual comparisons of their relative fluorescence in the presence of UV light and 0.5 µg of ethidium bromide/ml of solution.
Southern blotting and hybridization. Approximately 10 µg of DNA was digested with at least 10 units of either DraI, EcoRV, or HaeIII restriction enzymes (Bethesda Research Laboratories, Gaithersburg, MD) and incubated for at least 3 h. These restriction enzymes were chosen based on their insensitivity to DNA methylation and their ability to digest DNA consistently. Restriction fragments were separated by electrophoresis in 0.7% agarose for EcoRV-and DraI-digested DNA or 1.5% agarose for HaeIII-digested DNA in Tris-borate-EDTA (TBE) buffer at pH 7.0. Gels were run at either 30 V for approximately 16 h or 40 V for approximately 12 h. Bacteriophage lambda DNA digested with either PstI or HindIII was included on each gel and used to calculate the molecular mass of restriction fragments obtained from F. oxysporum f. sp. cubense DNA. Ethidium bromide (10 mg/ml) was dissolved in the agarose gel at a concentration of 1 µl to 100 ml, and the digested DNA was illuminated by UV irradiation and photographed. The DNA was transferred to Nytran membranes (Schleicher & Schuell, Inc., Keene, NH) using the capillary transfer method (27) . The DNA transfer proceeded for at least 12 h, and the DNA was immobilized by UV cross-linking (UV 254-nm cross linker, model FB UVXL 1000; Fisher Scientific Co., Pittsburgh).
To reduce the incidence of repeatedly scoring similar regions of the genome or hypervariable regions, clones containing singlecopy DNA sequences, obtained from T. Katan (The Volcani Center, Bet Dagan, Israel), were utilized (Table 2) (8). Clones were considered to be single-copy based on the criteria defined by Elias et al. (8) as hybridizing to only a single DNA fragment in any of the isolates tested using at least one of three restriction enzymes.
DNA for each clone was labeled using random hexamer primers to incorporate fluorescein-12-dUTP following the procedures provided by the manufacturer (Dupont NEN Renaissance; E. I. du Pont de Nemours & Co. Inc., Boston). DNA labeling, hybridization, and detection followed the procedures provided by the manufacturer (E. I. du Pont de Nemours & Co. Inc.). Prehybridization, hybridization, and washing were performed at 65°C using a Hybaid hybridization oven (Dot Scientific Inc., Flint, MI). Membranes were placed between acetate sheets and exposed to X-ray film for at least 5 h.
Mitochondrial DNA of F. oxysporum f. sp. cubense isolate 3S1 (VCG 0120) was isolated following the procedures of Kistler and Leong (13) and labeled as described above. The mitochondrial DNA profiles of a subset of isolates were obtained by digesting approximately 10 µg of total DNA with at least 10 units of the restriction enzyme HaeIII and probing with the mitochondrial DNA of isolate 3S1. Restriction fragments were separated by electrophoresis in 1.5% agarose in TBE buffer at pH 7.0. Gels were run at 30 V for approximately 22 h. Southern blotting and hybridization followed the procedures described above.
Data analyses. Initially, a subset of 38 geographically widespread isolates of F. oxysporum f. sp. cubense that represented all 17 VCGs was used to determine if a particular probe-enzyme combination was polymorphic. Only polymorphic loci were considered informative for phylogeny determinations. If polymorphisms were detected in the subset, then all 165 isolates were analyzed for that probe-enzyme combination. If all isolates within the subset were monomorphic, it was assumed that the entire collection was monomorphic for that probe-enzyme combination. The different restriction size fragments generated for each combination of probe and enzyme were considered to be alleles at a single RFLP locus, and their presence or absence was scored for each isolate. RFLP patterns for each combination of probe and enzyme were combined to assign an RFLP haplotype to each isolate.
The data were analyzed by a cladistic approach based on parsimony analysis using the computer program PAUP version 3.1.1 (32) and by a phenetic approach using distance matrix methods (UPGMA clustering) (29) 
ated using 500 bootstrap replicates. In addition, coefficients of similarity based on simple matching (Ssm) were calculated for those isolates in which data were available for every RFLP loci scored, based on the formula described by Sneath and Sokal (29):
in which m = the number of shared characters and u = the number of unique characters. Isolates were arbitrarily considered to be within the same clonal lineage based on coefficients of similarity ranging from 0.94 to 1.00. Since many of the isolates had identical multilocus haplotypes, only a single isolate was used to represent each haplotype in data analyses.
To determine whether this collection of isolates provided evidence for clonal reproduction, gametic disequilibrium between loci was calculated by methods described by Weir (35) . The gametic disequilibrium coefficient (D) for alleles u and v at different loci was used to compare the observed gametic frequency with the product of the gene frequencies such that
in which p uv was the observed gametic frequency and p u and p v were the observed frequencies of alleles u and v for any two loci. Clone-corrected allele frequencies, using only a single representative for each haplotype, were employed for the calculations. Also, to avoid the potential problem of repeatedly scoring similar regions, only data from a single restriction enzyme digestion were used for each probe in the analyses. Nine hundred eighty-eight pairwise comparisons were performed to test for disequilibrium between multiple alleles at nine loci. A test for the significance of the disequilibrium coefficient between each pair of alleles at two loci was formulated with the chi-square statistic n which n was the number of individuals in the sample and D uv was the maximum likelihood estimator for the coefficient of disequilibrium between alleles u and v. The observed allele frequencies for the loci were p u and p v , respectively (17, 35) . The chi-square statistic had one degree of freedom, and the pairs of loci that showed significant departure from random expectations (P < 0.05) were considered to be in disequilibrium. A test for significance of the disequilibrium coefficient across all alleles for each pair of loci was formulated with the chisquare test statistic as described by McDonald et al. (17) . 
x P indicates polymorphic loci. y M indicates monomorphic loci. z … indicates not tested. 
RESULTS
In this study, 38 isolates of F. oxysporum f. sp. cubense were screened for polymorphisms using 19 probe-enzyme combinations. Only six of the 19 probe-enzyme combinations were monomorphic among the 38 selected isolates, indicating a high degree of genetic diversity among the isolates. The entire collection of 165 isolates was then scored for polymorphisms using the 13 probeenzyme combinations that were found to be informative during the initial screening of isolates. A multilocus RFLP haplotype was assigned to each isolate based on the allelic data for all probeenzyme combinations. Only 72 distinct multilocus haplotypes were detected among the 165 isolates. The five most common haplotypes represented 45% of the isolates; 50 of the haplotypes were represented by a single isolate (Fig. 1) . The median number of alleles per locus was three and, if three alleles were present at each locus, theoretically 1.16 × 10 9 (3 19 ) possible haplotypes could exist for this collection of F. oxysporum f. sp. cubense. However, the majority of single-isolate haplotypes found were the result of one to a few allelic differences from a more common haplotype. To determine relatedness among isolates, the 72 RFLP haplotypes were subjected to phenetic and cladistic analyses. Both types of analyses produced trees with similar branching patterns. The 50% majority rule bootstrap consensus tree generated by PAUP 3.1.1 is presented in Figure 2 . A dichotomy with strong bootstrap support (99%) was observed on the midpoint-rooted tree among the 72 haplotypes representing the 165 F. oxysporum f. sp. cubense isolates and four isolates from other formae speciales. All clades with strong bootstrap support were composed of isolates that had identical or nearly identical multilocus haplotypes and are referred to here as clonal lineages. Additionally, many of the isolates that could not be resolved using bootstrap analysis shared nearly identical multilocus haplotypes with other isolates. To further understand the genetic relationships among unresolved isolates, we used a simple matching coefficient of similarity for comparison (Table 3) . Isolates with coefficients of similarity ranging from 0.94 to 1.00 were considered to be within a clonal lineage. This range reflects apparent natural groups (Fig. 2) ; isolates within a lineage possess either small or no genetic differences. In cases in which isolates did not fall within this range for all pairwise comparisons, isolates were included in the lineage if they shared values near or within the specified range with the majority of isolates composing the lineage. These isolates are marked with a "y" in Table 1 . Two isolates, ES2-1 and GM, could not be assigned to lineage based on these criteria.
A similarity matrix, which includes coefficients of similarity for selected isolates representing the major RFLP haplotypes and VCGs, is presented in Table 3 (a complete matrix is available from the corresponding author by request). In general, VCGs aligned with single clonal lineages; exceptions to this were isolates in VCG 0123. Table 4 lists each lineage (with the prefix FOC), the number of isolates represented, the VCG of each lineage, and its geographical distribution. Seventy-four percent of the isolates studied were represented by lineages FOC I, FOC II, and FOC III. Each of these three lineages contained more than one VCG, with lineages FOC I and FOC II having a pantropical distribution. Isolates in FOC IV through FOC X each belonged to a single VCG and represented one to a few geographical regions.
Coefficients of similarity between isolates of FOC I and FOC II ranged from 0.66 to 0.74. By comparison, two isolates of F. oxysporum f. sp. lycopersici had coefficients of similarity ranging from 0.55 to 0.71 compared with isolates in FOC I and from 0.64 to 0.74 compared with isolates in FOC II. The single isolate of F. oxysporum f. sp. niveum had coefficients of similarity ranging from 0.75 to 0.81 compared with isolates in FOC I and from 0.73 to 0.76 compared with isolates in FOC II. Thus, the two largest lineages of F. oxysporum f. sp. cubense each are more genetically similar to the F. oxysporum f. sp. niveum isolate than to each other. Similarly, they are roughly as genetically distinct from each other as either is to the F. oxysporum f. sp. lycopersici isolates.
All isolates in VCG 01214 composed FOC V. Isolates in this lineage formed a clade exhibiting the longest branch length compared with all other clades representing F. oxysporum f. sp. cubense isolates. In fact, its length was comparable to the branch lengths of the clades containing the isolates from the other formae speciales (Fig. 2) . Additionally, isolates composing this lineage had coefficients of similarity that did not align closely to any other 
II, and from 0.61 to 0.69 compared with the F. oxysporum f. sp. lycopersici isolates. This group had a large number of lineage-specific alleles at several RFLP loci, which accounted for its relative lack of similarity to other F. oxysporum f. sp. cubense isolates. All of the isolates in VCG 01214 have a very limited geographical distribution. Isolates in this group also do not form chlamydospores (R. C. Ploetz, unpublished data) as other F. oxysporum isolates do, which is usually a defining trait for the species.
FOC VII consisted of the majority of isolates in VCG 0123. FOC X consisted of two additional isolates in VCG 0123. Similar to FOC V, isolates composing these lineages had coefficients of similarity that did not align closely to any other lineage. Surprisingly, the RFLP multilocus haplotypes of isolates within these lineages consisted of alleles similar to those in both FOC I and FOC II, in addition to some lineage-specific alleles (Table 5) . A representative FOC VII isolate (PhL2) shared 43% (6/14) of polymorphic alleles with isolates in FOC II and 36% (5/14) of these alleles with isolates in FOC I. By contrast, the isolates in FOC I displayed only 29% (4/14) allelic similarity with isolates in FOC II. With the exception of FOC V, isolates in the other lineages more closely aligned with isolates in either FOC I or FOC II. Unlike isolates in other lineages, the multilocus haplotype of isolates in FOC VII and FOC X appeared to represent a combination of alleles from FOC I and FOC II.
The mitochondrial DNA haplotypes of a subset of 55 isolates representing the major VCGs were examined to determine their genetic relationships based on an additional independent genetic marker. Isolates within the same VCG shared identical mitochondrial DNA haplotypes. Isolates could be divided into three major groups based on visual assessment of similar, though not identical, mitochondrial RFLP patterns. Isolates in VCGs 0123, 0124, 0124/0125, 0125, 0128, 01212, and 01214 formed one group. Isolates in VCGs 0120, 0121, 0122, 0129, 01213, 0120/01215, and 01215 formed a second group. Isolates in VCGs 0126 and 01210 formed a third group. In general, these groupings aligned with those based on RFLP analysis of single-copy loci, although more groups could be resolved using the latter method.
Measures of gametic disequilibrium were performed for alleles at nine loci (Table 6 ). Even though many of the individual comparisons were not significant, 34 of the 36 pairwise comparisons among alleles at different RFLP loci showed significant nonrandom associations at the 1% level. Many individual allele combinations were not present in the population, but the chi-square test for these combinations was not significant; based on the overall allelic frequency, the expected number of these combinations was small. In contrast, for the most common alleles, the large number of nonrandom associations was indicated by significantly larger or smaller numbers of observations when compared with the expected frequency of these combinations.
DISCUSSION
Several lines of evidence support the concept that F. oxysporum f. sp. cubense has a clonal population structure in line with criteria established by Tibayrenc et al. (34) . A unifying feature of clonally reproducing organisms is widespread geographic distribution of a few successful clones. Even though this study identified 72 multilocus haplotypes in a worldwide collection of F. oxysporum f. sp. cubense, the five most common haplotypes accounted for nearly half of the isolates. Additionally, the two most common haplotypes were found on all five continents sampled in this study, indicating the pantropical distribution of a small number of genotypes.
Further evidence of clonal reproduction is the absence of recombinant genotypes. Significant gametic disequilibrium for alleles at 34 of 36 loci tested supported nonrandom association between alleles of different loci. In addition, the strong correlation between independent genetic markers (VCG, mitochondrial, and multilocus RFLP haplotype) also is indicative of a clonally reproducing organism (34) .
This study confirms that, in phylogenetic analysis of F. oxysporum f. sp. cubense using parsimony, VCG is a strong predictor of cladistic groupings. Further differentiation into lineages may be done based on coefficients of similarity of RFLP haplotypes. At least 21 VCGs have been described for F. oxysporum f. sp. cubense (22) (23) (24) (25) (26) , and representatives from 17 of these VCGs were included in this study. With the exception of the two isolates that could not be assigned to a lineage and two isolates in VCG 0123, all isolates within a VCG were in the same clade and clonal lineage. The correlation between VCG and RFLP patterns has been observed previously in F. oxysporum formae speciales including albedinis, conglutinans, dianthi, gladioli, lycopersici, melonis, pisi, raphani, and vasinfectum (4, (7) (8) (9) 11, 13, 15, 16, 18, 21, 33, 36) .
Although VCGs are good indicators of genetic similarity among the individuals composing them, they do not provide information regarding the genetic similarity of individuals in different VCGs.
In fact, this study shows that isolates belonging to different VCGs could have identical or nearly identical RFLP haplotypes. With two exceptions, the entire collection of isolates consisted of only 10 distinct clonal lineages (Table 4) . Clonal lineages provide a conservative system for grouping similar isolates, and the coefficient of similarity provides a numerical value to assess genetic relationships among isolates representing different lineages. This is in contrast to VCG groupings in which, for an asexually reproducing organism such as F. oxysporum, it is impossible to determine the quantitative differences among individuals in different VCGs. We propose the use of clonal lineages, rather than VCG, to genetically characterize similar isolates of F. oxysporum f. sp. cubense. In most instances, VCGs can be used to predict lineage. Many of the isolates used in this study also have been classified based on their electrophoretic karyotype (3) and RAPD profile (2 Although the results presented here corroborate most of the broad conclusions made previously, this study provides additional, and sometimes disparate, conclusions regarding the affinities of some of these isolates. The bootstrap 50% majority rule consensus tree showed strong support for more than two clades among isolates of F. oxysporum f. sp. cubense. The midpoint-rooted tree divides isolates into two major groups. One group is composed of isolates in five VCGs, which represent two significant clades. Isolates in this major group are remarkably homogenous, and the branch lengths that separate isolates are minimal. In contrast, the second branch encompasses isolates representing eight lineages, 11 VCGs, a large number of significant clades, as well as isolates belonging to other formae speciales of F. oxysporum. Isolates representing the second group had more variable branch lengths compared with isolates in the first major branch.
With the exception of VCGs 0122, 0123, 0126, 01210, 01212, and 01214, the phylogenetic relationship of isolates in 10 of the 17 VCGs corresponds to those defined by previous studies (2, 3) . Unlike previous investigations, isolates in VCGs 0122, 0126, 01212, and 01214 each formed individual clades with bootstrap values greater than 70%. Additionally, because this study used numerous independent clones, had a large sample size, and provided bootstrap support for the clades, it gives a greater resolution of the relationships among isolates of F. oxysporum f. sp. cubense than do previous studies.
A number of the clonal lineages described here are phylogenetically distinct. Some isolates of F. oxysporum f. sp. cubense are as genetically dissimilar to one another as they are to other formae speciales of F. oxysporum (e.g., niveum and lycopersici). Similarly, Appel and Gordon (1) found that, based on analysis of mitochondrial DNA, isolates of F. oxysporum f. sp. melonis in two different VCGs were more closely related to a nonpathogen VCG than to each other. One interpretation of these results for F. oxysporum f. sp. cubense is that isolates belonging to the dissimilar groups acquired their ability to be pathogenic on banana independently.
FOC V contains isolates from the Misuku Hills in Malawi, a relatively small area (approximately 400 square kilometers) on the country's northern border with Tanzania (25) . All isolates in FOC V are in VCG 01214, and this is one of the few VCGs that has not been found in Southeast Asia, the center of origin of banana. Due to numerous lineage-specific alleles, FOC V is distant from all other lineages. One hypothesis is that this lineage of F. oxysporum f. sp. cubense may have evolved in East Africa independently of other members of the taxon.
Alternatively, isolates within FOC V could have arisen by a founder effect. Bananas probably first arrived at the island of Madagascar in the later half of the first millennium A.D. and from there moved to the coastal and then interior regions of the African continent (28) . Diverse genotypes of banana are now found in East Africa, many of which are found nowhere else. It is possible that the pathogen was moved from Southeast Asia on the bananas introduced to Africa and, as a result of geographic isolation or through adaptation to endemic bananas, isolates in VCG 01214 may have diverged from their Asian progenitors.
FOC VII and FOC X contain isolates in VCG 0123. The RFLP haplotype of isolates belonging to these groups carry an assortment of alleles from the two major lineages (FOC I and FOC II), as well as a number of lineage-specific alleles. Additionally, isolates composing this clade are quite heterogeneous; the five isolates composing FOC VII belong to two significant sister groups. Also, all of the isolates in VCG 0123 fall neither into the same lineage nor in a single clade. Based on this information, we hypothesize that this group may provide evidence of an ancient genetic exchange between individuals in FOC I and FOC II. Alter- natively, it may represent an ancestral group possessing primitive character states found in FOC I and FOC II.
In conclusion, isolates of F. oxysporum f. sp. cubense represent a genetically diverse group of organisms, many of which are distantly related. Previous studies on other formae speciales indicate that many are genetically diverse. However, to our knowledge, this study is the first to present evidence that a forma specialis of F. oxysporum may be polyphyletic. The implied independent origin of pathogenicity to banana in some of the lineages has practical implications for work on this disease. Much effort is devoted toward developing cultivars of banana that are resistant to Fusarium wilt. Clearly, new hybrids should be screened against isolates representing the two most common lineages of the pathogen (FOC I and FOC II). Ideally, breeding programs could screen new hybrids against isolates from each clonal lineage to increase the probability of developing cultivars resistant to genetically distinct populations of the pathogen.
